Multiple forms of the transcriptional regulator CCAAT/enhancer-binding protein ␤ (C/EBP␤) with molecular masses of approximately 38, 34, 20, and 14 kDa have been observed in cell extracts. It has been proposed that these proteins arise by alternative initiation at in-frame AUG codons. The truncated C/EBP␤ isoforms (p14 and p20/LIP) lack transactivation domains but retain DNA-binding and dimerization sequences and are therefore assumed to function as competitive inhibitors of C/EBP-mediated transcription in vivo. By comparing various extraction procedures to analyze endogenous and overexpressed C/EBP␤ proteins, we determined that p20-C/EBP␤ is generated predominantly by in vitro proteolytic cleavage during isolation from cells and that p14-C/EBP␤ is produced exclusively by this mechanism. In transfected cells, the full-length (p34 and p38) isoforms but not the truncated proteins were detectable in the cytoplasm, indicating that the latter are not primary translation products. In addition, the C/EBP␤ leucine zipper dimerization domain was essential for the appearance of the truncated species, demonstrating that protein folding or dimerization are critical determinants of proteolytic sensitivity. Our findings suggest that the presence of truncated C/EBP␤ proteins in cell extracts must be interpreted with caution and that assumptions about the in vivo relevance of these isoforms should be re-evaluated.
C/EBP␤
1 is a member of the CCAAT/enhancer-binding protein family of transcription factors that has been implicated in both positive and negative regulation of gene expression (1) . Analysis of C/EBP␤ null mice demonstrates a role for this protein in establishing the differentiated phenotypes of several cell types, including myeloid cells (2, 3) , hepatocytes (4, 5) , adipocytes (6) , ovarian granulosa cells (7) , mammary epithelial cells (8, 9) , and keratinocytes (10) . C/EBP␤ and other members of the C/EBP family are also involved in controlling cell growth. For example, forced expression of C/EBP␣ was found to cause growth arrest of preadipocytes (11, 12) and other cell types (13) . Similarly, overexpression of C/EBP␤ blocked cell cycle progression of HepG2 hepatoma cells (14) and suppressed colony formation in keratinocytes (10) . Thus, members of the C/EBP family are important regulators of cell growth and differentiation.
C/EBP proteins are composed of DNA-binding and dimerization domains (the bZIP motif) at their C termini and one or more transactivation domains (TDs) located in their N-terminal regions (1) . Interestingly, N-terminally truncated forms of C/EBP␣ and C/EBP␤ have been observed that lack TDs but contain the bZIP domain and thus are able to dimerize and bind DNA. One of these is a 30-kDa isoform of C/EBP␣ (15, 16) , which lacks an N-terminal TD that is present in the 42-kDa full-length protein. Although p30-C/EBP␣ retains a TD, it is a weaker activator than full-length C/EBP␣ (16) and cannot induce growth arrest when overexpressed in preadipocytes (15) . Two truncated C/EBP␤ isoforms have also been described. These proteins, approximately 20 and 14 kDa in molecular mass, lack the N-terminal TD that is present in the 34-kDa full-length polypeptide (17, 18) . A 38-kDa C/EBP␤ isoform initiating at an upstream in-frame AUG codon is also expressed from the C/EBP␤ transcript, albeit at much lower levels than the 34-kDa protein (17) . p20-C/EBP␤, also known as liver inhibitory protein (LIP; see Ref. 17) , was shown to inhibit C/EBPdependent transcription of reporter genes. Furthermore, LIP was unable to promote growth arrest when expressed in HepG2 hepatoma cells and blocked growth inhibition caused by overexpression of p34-C/EBP␤ (14) . Increased expression of LIP was observed in fetal liver and in mammary tumor cells and was proposed to inhibit the activity of C/EBP␤ and other C/EBP proteins, thereby suppressing the transcription of genes associated with terminal differentiation and facilitating cell proliferation (17, 19) . Whereas p20-C/EBP␤/LIP, p14-C/EBP␤, and p30-C/EBP␣ could theoretically function as antagonists of C/EBP-regulated gene expression and cell growth arrest, the physiological relevance of these truncated C/EBP isoforms has not been definitively established.
It has been proposed that the truncated forms of C/EBP␣ and C/EBP␤ are produced by a translational mechanism involving alternative utilization of internal AUG codons (15) (16) (17) . The C/EBP␣ transcript contains an internal in-frame AUG that would encode a protein of ϳ30 kDa, similar in size to the observed protein, whereas C/EBP␤ contains methionine codons that could produce polypeptides of ϳ20 kDa (LIP) and ϳ9 kDa. Both of the transcripts also contain short upstream open reading frames (uORFs) located in the 5Ј leader, immediately upstream of the major open reading frames (20 -22) . Since uORFs can inhibit translation from downstream AUG codons, it was suggested that the uORF elements are involved in regulating expression of the truncated isoforms (21) . In support of this notion, the presence of the C/EBP␣ and C/EBP␤ 5Ј leader regions was reported to increase expression of the p30-C/EBP␣ (15, 16) and p20-C/EBP␤/LIP (17) polypeptides in transiently transfected cells.
In contrast to the above findings, observations from our laboratory have indicated that the p20 and p14-C/EBP␤ isoforms can be generated by artifactual proteolysis of full-length C/EBP␤ during preparation of nuclear extracts from a macrophage cell line, P388D1(IL1) (23) . Importantly, proteolysis appeared to be dependent on the method of nuclear extract preparation. However, the appearance of p20 and p14 using any extraction method could be prevented when the cells were first treated with macrophage cell-conditioned medium. The resistance to proteolysis correlated with diffuse nuclear distribution of C/EBP␤, whereas susceptibility corresponded to a punctate nuclear staining pattern. These and other data suggested that C/EBP␤ localization and activity in macrophages are regulated by an autocrine factor and that susceptibility or resistance to proteolysis during nuclear extraction corresponds to the inactive or active state of C/EBP␤ in the cell. In experiments to examine the role of uORF elements in regulating C/EBP expression, we found that the 5Ј leader regions of C/EBP␣ and C/EBP␤ repressed translation of the fulllength proteins but did not promote expression of the truncated species (22) . Analysis of site-directed mutants showed that the repressive effects of the 5Ј leader on translation of p42-C/EBP␣ and p34-C/EBP␤ required the uORF element in each transcript. Thus, our findings that the 5Ј leader did not promote translation at internal start sites and that p20 and p14 can result from artifactual proteolysis provide an alternative to the view that the truncated C/EBP␤ isoforms are produced in vivo by a translational mechanism and function as dominant negative regulators of C/EBP-mediated transcription. In view of the conflicting interpretations about the origin of truncated C/EBP␤ isoforms and the widely held assumption that these proteins regulate gene expression in vivo, we have conducted further experiments to examine the possibility that truncated C/EBP␤ species are the result of in vitro proteolysis. Our studies demonstrate that proteolytic cleavage during extract preparation is a major source of these isoforms in cell lysates and that the native leucine zipper domain is essential for the susceptibility of C/EBP␤ to proteolysis.
EXPERIMENTAL PROCEDURES
Cells and Cell Culture-P388D1(IL1) cells (ATCC TIB 63) are murine macrophages; L cells (ATCC CCL1.3) are a murine fibroblastic cell line, and HepG2 cells are a human hepatocarcinoma. P388D1(IL1) cells were grown in RPMI 1640 (Life Technologies, Inc.) supplemented with 10% fetal clone I serum (HyClone), glutamine, kanamycin, and penicillin/streptomycin. L cells and HepG2 cells were grown in Dulbecco's modified Eagle's medium (Life Technologies, Inc.) supplemented with 10% fetal bovine serum (HyClone), glutamine, kanamycin, and penicillin/streptomycin.
Preparation of Protein Extracts-Nuclear extracts were prepared by hypotonic or Nonidet P-40 detergent lysis procedures as described (23) , except that nuclei were collected by centrifugation at 3500 rpm for 10 min. Whole cell lysates were generated by extraction with radioimmune precipitation assay (RIPA) buffer or SDS sample buffer. Cells were washed once with phosphate-buffered saline, scraped, pelleted, and resuspended in either RIPA (24) or SDS sample buffer (25) . RIPA extracts were incubated 20 min on ice with periodic shaking. Cell debris was pelleted by centrifugation at 14,000 rpm for 5 min, and the supernatant was collected and stored at Ϫ80°C. SDS extracts were heated to 100°C for 10 min, cleared by centrifugation, and stored at Ϫ80°C.
Liver Extracts-Liver tissue was homogenized in one of three buffers using a motor-driven Teflon glass homogenizer at 4°C. For the sucrose method, nuclei were isolated using a previously described method (26) . Briefly, liver tissue was homogenized in sucrose buffer (2 M sucrose, 10 mM HEPES, pH 7.9, 25 mM KCl, 0.15 mM spermine, 0.5 mM spermidine, 1 mM EDTA, 10% glycerol, and 0.5 mM phenylmethylsulfonyl fluoride), layered over 10-ml cushions of the same buffer in centrifuge tubes, and centrifuged at 24,000 rpm for 30 min at 4°C in an SW28.1 rotor. The pelleted nuclei were resuspended in nuclear lysis buffer (10 mM HEPES, pH 7.9, 100 mM KCl, 3 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride, and 10% glycerol), and one-tenth volume of 2 M ammonium sulfate, pH 7.9, was added dropwise and stirred for 30 min at 4°C. The lysate was centrifuged at 35,000 rpm for 1 h in a Ti60 rotor. The supernatant was collected, and solid ammonium sulfate (0.3 mg/ml) was added with stirring for 30 min. The protein extracts were centrifuged at 15,000 rpm for 25 min, resuspended in dialysis buffer (25 mM HEPES, pH 7.9, 40 mM KCl, 0.1 mM EDTA, 1 mM DTT, and 10% glycerol), and dialyzed against the same buffer for 2 h. Extracts were stored at Ϫ80°C. For the hypotonic lysis method, liver tissue was homogenized in hypotonic lysis buffer (20 mM HEPES, pH 7.9, 1 mM EDTA, 10 mM NaCl, 1 mM DTT, 0.1 g of leupeptin per ml, 5 g of antipain per ml, 5 g of aprotinin per ml, and 17 g of calpain inhibitor 1 [Sigma] per ml) and incubated on ice for 20 min. Cells were lysed by 8 -10 passages through a 26-gauge syringe needle. Nuclei were pelleted by centrifugation at 3500 rpm for 10 min. Proteins were extracted from nuclei by incubation with buffer C (420 mM NaCl, 20 mM HEPES, pH 7.9, 25% glycerol, 1 mM DTT, 0.1 g of leupeptin per ml, 5 g of antipain per ml, 5 g of aprotinin per ml, and 17 g of calpain inhibitor 1 per ml) for 30 min at 4°C with vigorous shaking. Nuclear debris was pelleted by centrifugation at 14,000 rpm for 5 min, and the supernatant was collected and stored at Ϫ80°C. For the detergent lysis method, liver tissue was homogenized in detergent lysis buffer (hypotonic lysis buffer containing 0.1% (v/v) Nonidet P-40). Extracts were incubated on ice for 10 min, and the nuclei were pelleted by centrifugation at 3500 rpm for 10 min. Proteins were extracted from the nuclei as described for hypotonic lysis.
EMSA-DNA-binding reactions using a consensus C/EBP-binding site were performed as described (23) . C/EBP⅐DNA complexes were separated from free probe by electrophoresis on a 6% polyacrylamide gel in 1ϫ TBE at 160 V for 2 h.
Immunoblotting-Nuclear, cytoplasmic, or whole cell extracts were mixed with an equal volume of sample buffer, heated to 100°C for 10 min, and loaded on precast sodium dodecyl sulfate-16% polyacrylamide gels (NOVEX). Proteins were transferred to Immobilon membranes (Millipore) and probed with antibodies against C/EBP␤ (C-19; Santa Cruz Biotechnology), the FLAG epitope (M2; Eastman Kodak), or the C/EBP basic region (pan-CRP; see Ref. 27 ). The blots were developed using the enhanced chemiluminescence detection system (Pierce).
Transient Transfections-HepG2 cells were transfected using Fugene transfection reagent (Roche Molecular Biochemicals). 15 l of Fugene was mixed with 500 l of Opti-MEM (Life Technologies, Inc.) and incubated at room temperature for 5 min. The mixture was then added dropwise to 5 g of plasmid DNA and incubated for 15 min at room temperature. The Fugene/DNA mixture was then added to HepG2 cells. After 2 days, the cells were harvested, and protein extracts were prepared.
Plasmid Constructs-pMEX-C/EBP␤ (27) , pMEX-C/EBP␤-F (22), uORF-C/EBP␤ (22) , pMEX-C/EBP␤-G LZ (27) , and pMEX-C/EBP␤-(131-276) (27) , which encodes p20-C/EBP␤, have been described. pMEX-C/ EBP␤-(207-276), encoding p11-C/EBP␤, was generated by introducing an NcoI site 5Ј to the Met codon at position 207. The resulting protein begins with the sequence Met-Ala-Met-Arg-. An oligonucleotide containing the NcoI site and another corresponding to the sequence 3Ј of the coding region with an introduced HindIII site (27) were used as polymerase chain reaction primers to obtain the desired fragment. After digestion with NcoI and HindIII the fragment was ligated into a vector derived from pMEX-C/EBP␤, which had been digested with the same two enzymes. The M131I mutant was generated using the GeneEditor Mutagenesis System (Promega).
RESULTS

The Appearance of p20-C/EBP␤ in Cell Extracts
Is Dependent on the Cell Lysis Procedure-To extend our previous observation that p20 and p14-C/EBP␤ may be proteolytic artifacts, we compared various methods of preparing protein extracts from p388D1(IL1) cells, a murine macrophage cell line that expresses high levels of C/EBP␤ (Fig. 1A) . The extracts were analyzed by immunoblotting using an antibody that recognizes the C terminus of C/EBP␤ and thus detects both full-length and truncated C/EBP␤ isoforms. Nuclear extracts prepared by Nonidet P-40 detergent cell lysis yielded primarily p34-C/EBP␤ (Fig. 1A, lane 1) . By contrast, nuclear extracts generated from the same pool of cells using a hypotonic lysis procedure or whole cell extracts prepared using RIPA buffer or SDS sample buffer contained much more p20-C/EBP␤ (lanes 2-4). Indeed, the RIPA and SDS extracts displayed significantly more p20 than the p34 isoform. The p34:p20 ratios in three independent experiments were quantitated, and the averaged data are shown in Fig. 1A , right panel. The striking variability in p34: p20 ratios observed with different extraction procedures suggests that p20-C/EBP␤ is generated by proteolytic degradation during extract preparation. The proteolytic origin of p20-C/ EBP␤ is further supported by our observation that p20-C/EBP␤ levels in nuclear extracts increased with time during storage (data not shown).
To compare the p20-C/EBP␤ protein in cell extracts with translationally produced LIP, we expressed a recombinant C/EBP␤ protein initiating at Met-131 in HepG2 hepatoma cells and analyzed the cell lysate on the immunoblot (Fig. 1A , lanes 5 and 8). Recombinant LIP precisely co-migrated with the 20-kDa protein in P388D1(IL1) extracts. Thus, the proteolytic product is indistinguishable from the LIP molecule initiating at codon 131. In some extracts prepared by hypotonic lysis the p14-C/EBP␤ isoform was also observed (Fig. 1A, lane 7) . Previous reports have speculated that translation initiating at Met-207 generates a 14-kDa isoform of C/EBP␤ (18, 28) . Therefore, we constructed a vector that encodes the C-terminal polypeptide initiating at Met-207 (29) and expressed this protein in HepG2 cells. The recombinant C/EBP␤ isoform migrated at ϳ11 kDa (Fig. 1A , lanes 6 and 9) and is clearly smaller than the p14-C/EBP␤ species (Fig. 1A, lane 7) . Moreover, we have never observed the p11 product from endogenous C/EBP␤. In summary, the data of Fig. 1A indicate that p34-C/ EBP␤ is the predominant C/EBP␤ protein expressed in P388D1(IL1) cells and that the p14 and p20-C/EBP␤ proteins arise by proteolytic cleavage during extract preparation.
It is conceivable that truncated C/EBP␤ isoforms occur in cells but are differentially extracted by the various procedures. To address this possibility, we prepared nuclei from P388D1(IL1) cells by Nonidet P-40 lysis, divided the nuclei into equal aliquots, and extracted nuclear proteins with increasing concentrations of NaCl buffer, beginning with the standard 0.4 M NaCl buffer. The nuclear extracts and nuclear pellets (solubilized in SDS sample buffer) were analyzed by immunoblotting. As shown in Fig. 1B , increasing the NaCl concentration did not lead to the appearance of p20-C/EBP␤ in the nuclear extracts. However, the nuclear pellet from the 0.4 M NaCl extract (lane 5) contained p20-C/EBP␤, in addition to p34. Interestingly, increasing the salt to 0.5 M nearly eliminated p20-C/EBP␤ in the nuclear pellets (lanes 6 -8) but did not cause a corresponding increase in p20 in the nuclear extracts ( lanes  2-4) . These results were verified by quantitating and averaging the p34:p20 ratios determined in three independent experiments (Fig. 1B, right panel) . We conclude that p20-C/EBP␤ is FIG. 1. Truncated C/EBP␤ proteins in extracts from macrophages and fibroblasts are dependent on the extraction procedure. A, analysis of C/EBP␤ isoforms in extracts from P388D1(IL1) macrophages. Nuclear extracts (NE) were prepared by detergent (Nonidet P-40 (NP-40)) or hypotonic cell lysis, followed by salt extraction of nuclear proteins. Whole cell (WC) lysates were prepared by disrupting the cells in radioimmune precipitation assay (RIPA) buffer or SDS protein sample buffer (25) . Approximately equal cell equivalents of each extract were analyzed by immunoblotting using a C-terminal C/EBP␤ peptide antibody. Another hypotonic extract from P388D1(IL1) cells that contains p14-C/EBP␤ is shown in lane 7. Truncated C/EBP␤ protein standards initiating at Met-131 (p20-C/EBP␤) and Met-207 (p11-C/EBP␤) were expressed in HepG2 hepatoma cells and analyzed in parallel (lanes 5, 6, 8, and 9) . The blots were analyzed quantitatively using the Stratagene Eagle Eye II system. The chart at the right shows the averaged p34:p20 ratios (Ϯ S.E.) from three independent experiments. B, the presence of p20-C/EBP␤ in the nuclear pellet can be inhibited by increasing the ionic strength of the nuclear extraction buffer. Nuclei were isolated from P388D1(IL1) cells by Nonidet P-40 lysis and nuclear extracts prepared using 0.4 -0.7 M NaCl buffers, as indicated. The extracts and the remaining nuclear pellets were analyzed by immunoblotting. p34:p20 ratios (right panel) from three independent experiments were quantitated, as described in A. C, C/EBP␤ isoforms in L cell extracts. Extracts were prepared and analyzed as described in A. generated either during 0.4 M NaCl extraction or subsequent SDS extraction and that only the population of C/EBP␤ that remains tightly bound in the nucleus is susceptible to proteolytic cleavage. NaCl concentrations above 0.4 M apparently inhibit proteolytic degradation, since p34-C/EBP␤ was the major product detected in both the nuclear extracts and the nuclear pellets prepared with high NaCl buffers.
We also used the four-cell lysis procedures to analyze nuclear C/EBP␤ proteins in L fibroblasts, another cell type that expresses C/EBP␤. L cell nuclear extracts prepared by Nonidet P-40 detergent lysis contained p34-C/EBP␤ exclusively, as shown in Fig. 1C , lane 1. The identity of the immunoreactive protein that migrates slightly above the p20-C/EBP␤ band has not been elucidated, although this species may represent the product of cleavage at a site N-terminal to that which produces p20 (see Fig. 4 ). The three other extraction methods resulted in the appearance of both p34 and p20-C/EBP␤ (lanes 2-4), similar to the results obtained using P388D1(IL1) macrophages. We conclude that L cells, like P388D1(IL1) macrophages, express predominantly the p34-C/EBP␤ species and that truncated isoforms are generated primarily or exclusively by a proteolytic mechanism.
We next examined C/EBP␤ isoforms in adult mouse liver, since hepatocytes contain high levels of C/EBP␤ (29) . Previous studies have shown that p38, p34, p20, and variable amounts of p14-C/EBP␤ are present in liver extracts (17, 18, 28, 30) . These C/EBP␤ isoforms were presumed to arise from alternative translational start sites from within the coding sequence (17) . To ascertain whether the amounts of the various isoforms varied according to the extraction method, liver nuclear extracts were prepared by Nonidet P-40 and hypotonic cell lysis and also by a procedure in which nuclei were purified by sedimentation through sucrose (26) (Fig. 2) . Nuclear extracts prepared by the sucrose method contained predominantly p20-C/ EBP␤ as well as some p34-C/EBP␤ (lanes 1 and 2) . Occasionally, small amounts of p14-C/EBP␤ were also detected in these extracts (lane 9). The p14 species is identical to that seen in P388D1(IL1) macrophage extracts (lane 10). Comparison to a recombinant protein standard (lane 8) again demonstrates that p14-C/EBP␤ is larger than the p11 polypeptide produced by initiation at codon 207. Nuclear extracts prepared by either Nonidet P-40 detergent lysis or hypotonic lysis contained mostly, and in some cases exclusively, p38 and p34-C/ EBP␤ (lanes 3-6) . These data show that the appearance of p14 and p20-C/EBP␤ in liver extracts is dependent on the extraction method, providing further support for the idea that truncated C/EBP␤ isoforms arise by proteolysis of full-length proteins during the isolation procedure.
C/EBP␤ Is Cleaved by a Calpain-like Protease-Watt and Molloy (31) reported that many transcription factors are susceptible to cleavage by the calcium-dependent cysteine protease, m-calpain, leaving the DNA-binding domains of these proteins intact. We previously suggested that a calpain protease may be responsible for generating p14 and p20-C/EBP␤ in macrophage nuclear extracts (23) . To demonstrate whether a calcium-activated protease produces the truncated C/EBP␤ isoforms, we incubated P388D1(IL1) nuclear extracts containing predominantly p34-C/EBP␤ with 1 mM Ca 2ϩ at 37°C and analyzed the C/EBP␤ products by electrophoretic mobility shift assay (EMSA) (Fig. 3A) . A comparison of control and Ca 2ϩ -treated extracts (lanes 1 and 2) revealed the appearance of faster migrating complexes after Ca 2ϩ treatment. These complexes are identical to those observed in "hypotonic" nuclear extracts from the same cells (Ref. 23 and data not shown). In addition, incubation of bacterially expressed C/EBP␤ with Ca 2ϩ and cytoplasmic extract from P388D1(IL1) macrophages produced similar faster migrating complexes (lanes 3 and 4) . Immunoblot analysis of similarly treated samples showed that p34-C/EBP␤ was partially converted to p20 and p14 following incubation with Ca 2ϩ (Fig. 3B) . The p20-C/EBP␤ protein generated by cleavage of recombinant C/EBP␤ migrated at a position identical to that of bacterially expressed LIP (compare lanes 2 and 3) , again underscoring the fact that translationally produced LIP is indistinguishable from a proteolytic artifact.
To determine whether the Ca 2ϩ -activated protease in P388D1(IL1) cytoplasmic extracts is a member of the calpain family, we examined the ability of a calpain inhibitor peptide to prevent cleavage of bacterially expressed C/EBP␤. Purified recombinant p34-C/EBP␤ was incubated with cytoplasmic extract, Ca 2ϩ , and varying amounts of calpain inhibitor peptide and the resulting complexes were analyzed by immunoblotting (Fig. 3C) . In the absence of the inhibitor, C/EBP␤ was nearly completely converted to the p20 and p14-C/EBP␤ species (lane 2). As the calpain inhibitor peptide was increased, the appearance of the truncated products was reduced in a dose-dependent manner (lanes 3-6) . Thus, in macrophage extracts a calpain-like protease is responsible for converting p34-C/EBP␤ to the truncated isoforms. It is unclear whether a similar Ca 2ϩ -dependent protease generates the truncated C/EBP␤ proteins observed in other cells.
The C/EBP␤ 5Ј Leader Region Does Not Significantly Increase the Production of Truncated Isoforms-Previous studies have suggested that expression of the smaller C/EBP␤ isoforms is regulated by a short upstream open reading frame (uORF)
within the 5Ј leader region of the transcript (21) . To examine the effect of the 5Ј leader on production of the various C/EBP␤ isoforms, we used C/EBP␤ expression vectors in which the 5Ј leader sequences were either present (uORF-C/EBP␤) or were replaced by a consensus translation initiation signal (pMEX-C/ EBP␤). After transient transfection of these constructs into HepG2 cells, extracts were prepared by the four methods and analyzed by immunoblotting (Fig. 4A) . Nuclear extracts prepared by Nonidet P-40 lysis of cells transfected with uORF-C/ EBP␤ contained p38, p34, and p20-C/EBP␤ (Fig. 4A, lane 1) . Although the level of p20-C/EBP␤ was relatively high, it was similar to that seen in extracts from cells transfected with pMEX-C/EBP␤ (lane 5) and is likely due to proteolysis because we observed very little p20-C/EBP␤ from the uORF-C/EBP␤ vector in an independent experiment (see Fig. 5, lane 1) . Nuclear extracts prepared from the same cells by hypotonic lysis contained little p38, some p34, and considerable amounts of p20-C/EBP␤ (Fig. 4A, lane 2; see also Fig. 5, lane 2) . In addi-
FIG. 2. Analysis of C/EBP␤ isoforms in mouse liver extracts.
Nuclear extracts were prepared by sedimentation of nuclei through sucrose or by the Nonidet P-40 (NP-40) or hypotonic cell lysis methods. After salt extraction the proteins were examined by immunoblot analysis using the C-terminal C/EBP␤ antibody. Two independent preparations made by each method were analyzed (lanes 1-6) . A sucrose extract that contains detectable levels of p14-C/EBP␤ is shown in lane 9. A nuclear extract from P388D1(IL1) cells that contains p34, p20, and p14-C/EBP␤ was analyzed for comparison (lane 10).
tion, whole cell extracts prepared by RIPA or SDS lysis displayed p38, p34, high levels of p20-C/EBP␤, and detectable amounts of p14-C/EBP␤ (Fig. 4A, lanes 3 and 4) . Significantly, extracts from cells expressing pMEX-C/EBP␤, which lacks the 5Ј leader region, displayed p34:p20 ratios that were comparable to those from cells expressing uORF-C/EBP␤ (Fig. 4A, compare  lanes 1-4 and 5-8) . However, as expected, the p38 isoform was not expressed from pMEX-C/EBP␤. An additional product that is slightly larger than p20-C/EBP␤ (denoted p20*) was present specifically in the uORF-C/EBP␤ extracts. Since there is no methionine codon that could produce a protein of this size, p20* appears to result from cleavage of p38-C/EBP␤ at a site Nterminal to that which produces p20-C/EBP␤. Slightly higher amounts of p20-C/EBP␤ were also observed in uORF-C/EBP␤ extracts compared with pMEX-C/EBP␤ extracts, which may indicate that p38-C/EBP␤ is more susceptible to proteolysis than p34-C/EBP␤. In summary, the primary effect of the 5Ј leader on C/EBP␤ proteins is the expression of p38-C/EBP␤, as opposed to increased synthesis of p20-C/EBP␤/LIP.
If p20-C/EBP␤ is produced by a translational mechanism, it should be detectable in the cytoplasm as a newly translated polypeptide. Therefore, we examined C/EBP␤ proteins in the cytoplasmic fractions from Nonidet P-40 or hypotonic lysates of HepG2 cells transfected with pMEX-C/EBP␤ or uORF-C/EBP␤. As shown in Fig. 4B , the cytoplasmic extracts contained p38 and/or p34-C/EBP␤, but neither p20 nor p14 was detected in any of the samples. The observation that only full-length C/EBP␤ proteins are detected in the cytoplasm strongly suggests that the p20 and p14-C/EBP␤ isoforms observed in nuclear extracts arise from proteolysis and not from alternative translation initiation.
To investigate further the possibility that p20-C/EBP␤ is a -dependent proteolysis. Bacterial C/EBP␤ was subjected to proteolytic cleavage as described in A, and the products were analyzed by immunoblotting using the pan-CRP antibody (27) , which recognizes an epitope in the basic region. Bacterially expressed LIP (p20-C/EBP␤) was included as a standard (lane 3). C, Ca 2ϩ -dependent proteolysis of C/EBP␤ is inhibited by a calpain inhibitor peptide. Bacterial C/EBP␤ was treated as described in A, except that the reactions were incubated with the indicated concentrations of calpain inhibitor for 10 min prior to addition of CaCl 2 . The products were analyzed by immunoblotting using the C-terminal C/EBP␤ antibody.
FIG. 4. The C/EBP␤ 5 leader sequence does not significantly influence the production of truncated isoforms.
A, C/EBP␤ expression vectors containing either the native 5Ј leader sequence (uORF-C/EBP␤) or an optimal translation initiation signal (pMEX-C/EBP␤) were transfected into HepG2 cells. Nuclear (NE) and whole cell (WC) extracts were prepared and analyzed for C/EBP␤ proteins by immunoblotting as described in Fig. 1 . B, the cytoplasmic fractions from the nuclear extracts analyzed in A were examined for C/EBP␤ isoforms by immunoblotting. The gel was over-exposed to emphasize the absence of p20-C/EBP␤ in these samples. NP-40, Nonidet P-40.
translational product, we mutated the methionine codon at position 131 in the uORF-C/EBP␤ vector. Extracts from HepG2 cells transfected with a construct in which Met-131 was changed to Ile (M131I) were compared with lysates from cells expressing the wild-type vector (Fig. 5) . The M131I mutation did not eliminate the appearance of p20-C/EBP␤, although extracts from cells transfected with uORF-C/EBP␤ (M131I) contained less p20 than those from the wild-type construct, regardless of the lysis method (compare lanes 1-4 with lanes [5] [6] [7] [8] . Since mutation of Met-131 rules out the possibility of synthesizing p20-C/EBP␤/LIP by a translational mechanism, the p20 produced from M131I must result from proteolysis of either p38 or p34-C/EBP␤. In addition, the larger p20* product detected in cells transfected with uORF-C/EBP␤ was not observed in extracts from cells expressing M131I. Since p20* can only be generated by proteolysis (probably of p38-C/EBP␤), we conclude that Met-131 is required for efficient recognition by the protease that cleaves C/EBP␤. Accordingly, the reduced expression of p20-C/EBP␤ in M131I extracts may also be due to decreased cleavage of the mutant protein. We note, however, that p11-C/EBP␤ is detectable in cells transfected with M131I, indicating that some internal initiation may occur on the C/EBP␤ transcript and that ribosomes can scan to Met-207 when Met-131 is mutated.
Production of p20-C/EBP␤ Requires the Native Leucine Zipper Domain-We previously observed that p20-C/EBP␤ was not detected in extracts from HeLa cells expressing a chimeric C/EBP␤ protein in which the leucine zipper domain was replaced with the FLAG epitope (22) . To investigate this finding further, we transfected an uORF-C/EBP␤ construct containing the FLAG peptide in place of the leucine zipper (uORF-C/ EBP␤-FLAG; see Ref. 22 ) into HepG2 cells, prepared extracts by the four methods, and analyzed them by immunoblotting using the anti-FLAG monoclonal antibody. As shown in Fig.  6A , each extract contained the full-length C/EBP-FLAG protein, with only the hypotonic lysate showing a faint band corresponding to a truncated protein (lane 3). Thus, production of p20-C/EBP␤ is drastically reduced when the leucine zipper is removed and replaced with the FLAG epitope (compare Figs. 4A and 6A), indicating that a functional or properly folded protein is required for proteolytic cleavage to occur.
We next tested a more subtle alteration of the C/EBP␤ protein in which the leucine zipper was replaced by a heterologous zipper from the yeast transactivator, GCN4 (27) . A vector expressing this chimeric protein (pMEX-C/EBP␤:G LZ ) was transfected into HepG2 cells, and extracts were prepared by the four methods. As was observed for C/EBP␤-FLAG, no truncated isoforms were detected despite significant levels of the p34 polypeptide (Fig. 6B) . The C/EBP␤:G LZ protein is able to dimerize, bind DNA, and activate transcription of a reporter gene in HepG2 cells (27) . Therefore, although it is functional in most respects, C/EBP␤:G LZ differs from the native C/EBP␤ protein in its resistance to proteolysis during extraction from cells. We conclude that some property of the C/EBP␤ leucine zipper, possibly involving the ability to heterodimerize with a bZIP partner in mammalian cells, is essential for the protein to undergo proteolytic cleavage during extract preparation.
DISCUSSION
Members of the C/EBP family of transcription factors play important roles in regulating the growth and differentiation of many cell types. Since the C/EBP␣ and C/EBP␤ genes are assumed to encode both activating (full-length) and inhibitory Extracts were prepared and analyzed for C/EBP␤ proteins by immunoblotting. C/EBP␤-FLAG was detected using the anti-FLAG M2 monoclonal antibody, and C/EBP␤-G LZ was detected using the pan-CRP antibody (27) . Control extracts were prepared from untransfected or vector-transfected cells by lysis with RIPA buffer. NE, nuclear extract; WC, whole cell; NP-40, Nonidet P-40.
(truncated) proteins that possess distinct regulatory properties, it is important to establish whether truncated C/EBP species are actually expressed in vivo and how their expression is regulated, or whether these polypeptides represent proteolytic artifacts. In the present study we have investigated the mechanism by which truncated C/EBP␤ proteins are produced by examining protein extracts prepared by several methods of extraction from different cells and tissues.
The p14 and p20 (LIP) Isoforms of C/EBP␤ Are Generated Primarily by in Vitro Proteolysis-Multiple lines of evidence support the conclusion that p20-C/EBP␤ is produced mainly by a proteolytic mechanism. 1) The p20:p34 ratio varied dramatically depending on the procedure used to prepare cell extracts. If p20-C/EBP␤ were a translational product, the relative levels of p20 and p34 should not be influenced by the method of extraction. In support of our results, DeWille and colleagues 2 have observed that the amount of LIP in extracts from mammary tumor tissue is significantly affected by the cell lysis procedure.
2) The presence of p20-C/EBP␤ in the nuclear pellet fraction after salt extraction was strongly reduced by increasing the salt concentration, indicating that proteolytic degradation is inhibited by high concentrations of NaCl. 3) p20-C/EBP␤ was not detected in cytoplasmic extracts, whereas p38 and p34, which are unambiguous translational products, were present in the cytoplasm of transfected cells. 4) The appearance of p20-C/EBP␤ did not require the presence of the 5Ј leader region, which has been hypothesized to control internal translation initiation for C/EBP␤. 5) The p20 isoform was detected even in the M131I mutant, whose mRNA cannot encode p20/ LIP as a translational product. 6) The production of p20-C/ EBP␤ was strongly dependent on the presence of the native leucine zipper domain. The truncated protein was not detected in cells expressing chimeric proteins in which the zipper was replaced by the FLAG epitope or by a functional heterologous zipper. It is difficult to imagine a model whereby the leucine zipper coding region affects translational initiation at Met-131, which is located upstream in the mRNA transcript.
Another truncated protein that was first reported in liver extracts, p14-C/EBP␤, was proposed to originate from internal translation initiation (18) . However, our studies conclusively demonstrate that this protein is a proteolytic species, since it is approximately 3 kDa larger than the polypeptide expressed from Met-207. Moreover, the p14-C/EBP␤ product in liver extracts is indistinguishable from the 14-kDa protein in macrophage nuclear extracts that was shown to be a proteolytic artifact (23) (Fig. 1) . Thus, p14-C/EBP␤ is generated exclusively by proteolysis. Our results indicate that C/EBP␤ contains two sites that are exceedingly sensitive to proteolytic cleavage (see Fig. 7) . A third cleavage site produces p20*, which is slightly larger than p20-C/EBP␤ and appears to be a proteolytic product of p38-C/EBP␤. It is possible that differences in the folded structures or protein-protein interactions of p34 and p38-C/EBP␤ account for the distinct sites of proteolytic cleavage near Met-131. In this regard, it is notable that the p34 and p38 forms of C/EBP␤ were found to interact differentially with NF-B and a nucleolar phosphoprotein, Nopp140 (32, 33) .
Are Truncated C/EBP␤ Isoforms Produced in Vivo?-Our studies raise questions about whether p14 and p20-C/EBP␤ ever occur in cells or whether these proteins are merely in vitro proteolytic artifacts. A small amount of p20-C/EBP␤ can usually be detected in Nonidet P-40 detergent extracts, which could indicate that there is some translational LIP expressed or that p20 is generated by in vivo proteolytic cleavage. Alternatively, it may be difficult to inhibit completely degradation when making nuclear extracts, and the p20-C/EBP␤ observed may invariably be due to in vitro proteolysis. This possibility must be considered when interpreting the appearance of truncated C/EBP␤ isoforms. The small amount of p11-C/EBP␤ observed with the M131I mutant indicates that some internal scanning of ribosomes occurs on the C/EBP␤ transcript. However, we have been unable to detect expression of endogenous p11-C/EBP␤, and this protein has only been observed in transfected cells. These results may indicate that internal translation initiation is more prevalent under nonphysiological conditions, i.e. when C/EBP␤ is overexpressed in transiently transfected cells.
During the course of our studies, Welm et al. (30) reported that p14 and p20-C/EBP␤ in neonatal mouse liver can be generated by specific proteolytic cleavage, probably by a calpain protease, and that C/EBP␣ is involved in this process. These authors suggested that C/EBP␣ may regulate expression of the protease that cleaves C/EBP␤. Furthermore, it was proposed that truncated C/EBP␤ proteins are produced in vivo by both translational and proteolytic mechanisms and that, based on comparisons of wild-type and C/EBP␣ null mice, both mechanisms require C/EBP␣ (30, 34) . In contrast, our finding that p14 and p20-C/EBP␤ can be completely eliminated in adult liver nuclear extracts using specific extraction protocols (Fig. 2) indicates that these proteins result from artifactual proteolytic cleavage. Furthermore, we have examined neonatal liver extracts from wild-type and C/EBP␣ null mice and did not detect p14 or p20-C/EBP␤ in these samples, which were prepared by the Nonidet P-40 lysis method (data not shown).
Since we found that the leucine zipper is essential for proteolysis of C/EBP␤, it is tempting to speculate that the requirement for C/EBP␣ in generating truncated C/EBP␤ isoforms in mouse liver involves the formation of heterodimers between C/EBP␣ and C/EBP␤ or that the presence of C/EBP␣ affects the availability of other C/EBP␤ dimerization partners in the cell. Clearly, further studies will be necessary to establish whether truncated C/EBP␤ isoforms are actually produced in hepatic cells and play a role in modulating liver gene expression.
Requirements for Proteolytic Cleavage of C/EBP␤-We have shown that production of p20-C/EBP␤ is inhibited in many cell types when nuclear extracts are prepared from cells lysed with Nonidet P-40 detergent. In contrast, p20 is observed when hypotonic lysis is used for preparing nuclear extracts or when whole cell extracts are made using strong detergents. Based on these findings, we suggest that mixing of cytoplasmic and nuclear compartments is an important condition for promoting artifactual cleavage of C/EBP␤. Such mixing would occur upon swelling of the cells in hypotonic buffers and also during preparation of whole cell lysates using strong detergents. It is possible that mixing of compartments renders the nuclear pool of C/EBP␤ accessible to cytoplasmic proteases. Alternatively, release of sequestered Ca 2ϩ from cytoplasmic vesicles could activate nuclear Ca 2ϩ -dependent proteases, resulting in the cleavage of C/EBP␤. It was surprising that the proteolytic reaction occurred even in SDS lysis buffer. However, certain proteases (e.g. proteinase K) are very stable enzymes and remain active even in the presence of SDS. It is also possible that proteolysis of C/EBP␤ occurs very rapidly during cell lysis, after which the protease becomes inactivated.
The amount of p20-C/EBP␤ was reduced, but not eliminated, in extracts from cells expressing the M131I mutant. In addition, the p20* product was not detected in these extracts. We propose that proteolytic cleavage of C/EBP␤ is impaired by this amino acid substitution. Since proteolytic p20-C/EBP␤ is indistinguishable from translational LIP, the site of cleavage that generates p20 must be very close to Met-131, and therefore mutation of this residue could easily affect recognition or cleavage by the protease. In previous studies, a reduction in LIP expression that resulted from mutating Met-131 to Ala was interpreted as proof that LIP is a translational product (17, 28) . However, in light of our results the possibility that this amino acid substitution affected proteolytic cleavage must be given equal consideration.
We previously found that C/EBP␤ susceptibility to proteolysis in macrophage cells correlated with its localization to punctate nuclear structures (23) . In response to a secreted autocrine factor, C/EBP␤ adopted a diffuse nuclear distribution and became resistant to proteolysis. The diffuse state also correlated with increased transcriptional activity of C/EBP␤ and the activation of putative target genes such as interleukin-1␤ and monocyte chemoattractant protein-1. Thus, resistance to proteolysis may signify activation of C/EBP␤, and it is possible that C/EBP␤ must be in a repressed state to be fully susceptible to proteolytic cleavage. In contrast, a recent report suggests that increased C/EBP␤ DNA binding activity during the mitotic clonal expansion phase of adipocyte differentiation correlates with a punctate nuclear localization pattern and binding to centromeric DNA repeats (35) . However, the sensitivity of C/EBP␤ to proteolysis was not examined in this study. Papaconstantinou and colleagues (18, 28) have reported increased levels of truncated C/EBP␣ and C/EBP␤ proteins in livers of mice injected with lipopolysaccharide to elicit an acute phase response. Although it was concluded that the truncated proteins were generated by alternative translational initiation, the C/EBP␤ products observed are very similar to those generated by proteolysis in our experiments. Thus, the acute phase liver model may represent another example in which changes in C/EBP protein activity are associated with altered susceptibility to proteolytic cleavage. Further studies will be necessary to establish the relationship between C/EBP␤ activity, subnuclear localization, and sensitivity to proteolysis and whether similar relationships between these properties are observed in macrophages, hepatocytes, and adipocytes.
A potential link between proteolytic sensitivity and C/EBP␤ function is suggested by the finding that the native leucine zipper domain is required for proteolytic cleavage to occur. The C/EBP␤ leucine zipper has two known functional roles. One is to mediate dimerization via the hydrophobic face of the ␣-helix, thus determining the specificity of dimerization partners (36) . Another function involves serving as a site for interactions with other proteins, including the p50 subunit of NF-B (37) and the glucocorticoid receptor (38) . In principle, both of the above functions could influence the proteolytic sensitivity of C/EBP␤, since either heterodimerization or interactions between C/EBP␤ dimers and heterologous proteins could alter the folded structure of C/EBP␤. Our data indicate that C/EBP␤ must be localized to the nucleus in order to undergo proteolytic cleavage (Fig. 4B) . This observation could be explained if protein-protein interactions enhance susceptibility to proteolysis and if these intermolecular associations are restricted to the nuclear compartment. We have also shown that a subpopulation of nuclear C/EBP␤ is resistant to high salt extraction and that this fraction is most susceptible to proteolytic cleavage (Fig. 1B) . Future experiments should reveal whether this C/EBP␤ population is differentially modified and whether it displays punctate localization.
